In this paper the results of the experiments of combined injection of LH waves and EC waves performed in the FTU tokamak are reported. Such experiments were mainly devoted to study and to control the access to the advanced tokamak scenarios in plasma conditions close to ITER parameters (B t ≈5T or higher, n e,line ≈10 20 m -3 ). Two different absorption mechanisms were used for the EC waves. In the first one the cold resonance absorption of EC waves launched with a toroidal angle was used to induce small modification of the current profile mainly maintained by LH waves. In the second one the absorption through Doppler shift due to the fast electron tails generated by LHCD was used.
Introduction
LH and EC wave radiofrequency heating and current drive systems have been used for long time in the fusion science devices, and their strong and weak points are well known. (See [1, 2] and references therein for recent reviews). However, their combined injection has been little studied and its potential use in present and future fusion devices is still far from full exploitation. The CD studies are one of the main task for FTU, exploiting the non-usual contemporary availability of the LHCD system (8GHz up to 2.4MW) and of the ECRH system (140 Ghz, 1.6MW) [3] . This makes possible a wide range of combined-injection applications, including the control of the plasma current profile in order to access advanced tokamak confinement regimes and the study of non conventional absorption schemes of the radiofrequency waves at toroidal magnetic field and plasma density in the very range of ITER. Operation with ITBs is one of the most promising tokamak regimes to be implemented in present and future fusion machines due to the superior energy confinement properties reached thorough the suppression of microinstabilities in at least one layer in the plasma core. ITB's physics and formation dynamic have been extensively studied in all the major fusion experiments in the world [4] . In this frame the FTU tokamak has a particular role, due to the high range of toroidal magnetic field (4-8 T) , to its high plasma density (10 20 m -3 or higher) and to the presence of strong electron heating that results, in presence of electron ITB, in outstanding electron temperatures at plasma density high enough to involve indirect ion heating. Different ITB formation schemes have been used in FTU tokamak, and most of them (but not all) use combined injection of LH and ECRH. The "classical" scheme includes full (or partial) non inductive plasma current sustained with LHCD during the plateau phase and injection of ECRH in pure heating configuration (with no toroidal angle). Even though this scheme has been successfully demonstrated [5, 6] , its performance in terms of maximum plasma current and density attainable in the ITB regime and in terms of barrier radial width were limited by the amount of CD power available and by its poor control capability of the details of the resulting current profile, i.e. the radial position of low or negative magnetic shear regions. Such a control capability is a valuable goal in the advanced tokamak physics. The combined injection of LHCD and ECCD (co-current and counter-current) can be used as a tool to increase the reliability of this plasma scenario and give an important contribution to access and maintain the ITB regime even at higher performance. The direct absorption of EC wave by fast electron generated by LHCD is expected to have higher cdefficiency if compared with the classic ECCD [7] This theoretical prediction has been previously confirmed by different experiments [8, 9, 10] , and opens the perspective to design experimental scenarios tailored in order to take advantage of it. The wide range of toroidal magnetic field of FTU (4 -8 T) allows in principle to test both the interaction mechanisms: the up-shifted resonance (B T < B res =5 T) and the down-shifted (B T > B res = 5T) ones. Clear evidences of the upshift interaction scheme can be obtained if the cold resonance layer and the LHCD deposition region, where the fast electron are generated, are well separated and if the EC wave beam crosses the suprathermal electrons region in the plasma before the dumping due to the cold resonance layer. This scheme, with its enhanced ECCD efficiency, could be advantageously applied in ITER provided that the suprathermal population could be maintained in some way. Unfortunately the upshift interaction in FTU is quite difficult to put in evidence due to the small radial dimension of the machine (R0=.935m; a = 0.28 m). Otherwise the downshift scheme is easily realized, simply increasing the toroidal magnetic field until the cold resonance is brought outside of the plasma. Accordingly with the theory, the suprathermal cd efficiency in the two schemes is expected to be of the same order of magnitude [11] , and therefore experimental results obtained in the downshift scheme can be used at least for a raw evaluation of the effects in ITER, even if in a different absorption scheme.
Role of ECCD with resonant absorption in the ITB formation in reactor relevant conditions
Electron cyclotron current driven on-axis in counter direction to the plasma current (CNT-ECCD) has been used on FTU tokamak in combination with Lower Hybrid Current Drive (LHCD) in order to obtain the Internal Transport Barrier (ITB) during the current plateau phase (I p ≈360 kA) at plasma density and magnetic field close to ITER parameters (n e0 ≥1.4 10 20 m -3 , B 0 =5.3 T, T e0 >5.5 KeV). These ITBs are remarkably stronger of the "classic" ones, i.e. obtained using ECR power for pure heating, and usually they are long lasting, terminated by the power switch-off and not by MHD events. Their energy transport characteristics both in the electron and in the ion channels and the possible relationship with the reduction of the turbulence at long poloidal wavenumbers are described in reference [12] while the specific role of the cnt-ECCD in tailoring a current profile suitable for the ITBs formation is pointed out in the present paper. An interesting point that is worthy to mention, in view of similar application in future devices as well, is the very small amount of driven current that determines quite different plasma time evolutions. In fact the low overall EC current drive efficiency, of the order of 0.01*10 20 AW -1 m -2 as measured in a dedicated experiments in FTU [13] , corresponds to I CNT-ECCD ≈15-20 kA for 1.1MW injected EC power in the experiments here reported. Nevertheless the narrow localization of the ECW absorption and driven current density effectively modify the magnetic equilibrium configuration in the plasma core. This modification has been confirmed reversing the ECCD contribution in otherwise very similar plasma shots, producing in that way evident alteration of the sawteeth dynamics. The temporal evolution of the central electron temperature is shown in figure  1 . In all these shots the LH power Bremsstrahlung diagnostic, is broad with its peak at 5 cm from the magnetic axis. The radial deposition of ECCD, calculated with the ECWGB code [14] is about 2 cm FWHM and centred at 2-3 cm from the magnetic axis, well inside the q=1 surface. The sawteeth activity is stopped in the case of counter current injection only (shot 26671, -10° toroidal angle). In the case of perpendicular injection the sawteeth are temporarily suppressed (shots 26662 and 26661), and in the co-injection case (shot 26673, +10° toroidal angle) the activity is accentuated. The LH power normalized to the plasma line density is higher in shots 26671 and 26662 than in shots 26661 and 26673, and this observation confirms that the effect on sawteeth dynamics has to be ascribed to cnt-ECCD. This behaviour is consistent with the modification of the safety factor profile in the plasma core, as pointed out with the interpretative, time dependent transport analysis performed with the JETTO code and reported in figures 2 and 3. In this analysis the power densities, the electron temperature and the current densities are taken from measurements or from independent calculation, whereas the local transport and the current density and related quantities are consistently derived. Figure 2 shows the relevant plasma profiles at 0.7s for the shots 26671 and 26673. The non RF driven components of the current density are shown in row d) for the cnt-ECCD and co-ECCD experiment respectively, and the safety factor profiles q(r) in the row e). The combined injection of LHCD and ECCD introduces a non monotonic behaviour of the q profile both in co and cnt-ECCD cases. However, in the cnt-case the resulting minimum of the profile is significantly higher than in co-case and shifted outward. This contributes to reduce detrimental MHD activity, and then strengthens the ITBs. The perpendicular injection case (LHCD plus pure ECRH) has been included for comparison as well in the row e). Figures 3a) and 3c) show the temporal evolution of the safety factor profile for the same shots 26671 and 26673, cnt-ECCD and co-ECCD respectively. Coherently with the long lasting characteristics observed in the cnt-ECCD ITBs, the central section of the safety factor profile is continuously rising during the power injection with respect to the q=1 level (figure 3a). This is not verified in co-ECCD 26671@0.7s 26673@0.7s
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co-inj. case ( figure 3c ). The simulation of the pure ECRH case in figure 2b ) confirms that the perpendicular injection combined with LHCD injection is unable to shape the details of the safety factor profile. In this case the central part of the profile is slightly risen due to LHCD, but it is only marginally above q=1 and strictly depending on the amount of the available LHCD power for the given plasma density. The role of the central ECCD in shaping the details of the current density profile is further specified in figure 4 , where all the components of the current density are plotted for the 26671 shot. The cnt-ECCD contribution counterbalances the residual inductive current in the central region of the plasma, where the LHCD deposition profile is usually hollow. The effect of the on axis CNT-ECCD combined with LHCD in increasing the strength and the duration of the ITB through the reduction of the MHD activity here described resembles previous results obtained in TCV tokamak [15] temperature profiles are shown in figure 5a . The co-current deposition aids to flatten the magnetic shear of the larger q profile, due to the higher plasma current with respect of the previous experiments, moving outward the barrier foot. This is confirmed applying the so-called ρ* T criterion as shown in figure 5b , reckoning the existence of a transport barrier when the normalized inverse temperature scale length ρ* T =ρ L,s /L T >0.014 where ρ L,s is the Larmor radius of the ions moving at the sound velocity and L T =T e /(dT e /dr) [16] . Accordingly to this criterion, the region extending from r/a= 0.3 to r/a=0.65 presents a mild ITB feature.
Suprathermal ECCD experiments
The suprathermal absorption of EC wave has been widely used on FTU. The routinely availability of more than 1 MW of EC and 1.5 MW of LHCD power has in fact opened the possibility of new experiments after the pioneering proof of principle obtained in the past at lower power level (0.4 MW) [9] . The most used suprathermal EC absorption scheme on FTU is the resonant at downshifted frequencies, in which the EC wave (140 GHz) is injected in a plasma with toroidal field well above the resonant one (5T). The presence in the plasma of fast electrons allows the resonant interaction to occur at frequencies shifted up or down with respect to the cold resonance, depending on the launched N// EC and on v // (parallel speed of electrons). The fast electron population, which directly absorbs the EC power, is generated and sustained by LHCD in plasmas with line density in the range 0.6 -1.0 10 20 m -3
and current 400 -800 kA. As can be seen in figure 9 , during the combined injection phase the hard x ray emission profile is widened, coherently with a 40%-50% first pass absorption of the EC waves, independently estimated by sniffer probes as well detecting 140GHz not absorbed radiation in the tokamak [18] . A second indication is given by the current drive efficiency defined as 
Here P EC +P LH is the full injected power while the data are reduced at Z eff =1 [19] , to be comparable (see figure 10 ) with the FTU database of standard pure LHCD efficiency. The presented synergy results have been obtained at 7.1T toroidal field, at different plasma currents (360 kA or 500kA), either in partial or full current drive conditions and with line averaged density from 0.6 up to 1 10 20 m -3
. All the experimental points refer to P EC =1.1MW, mostly with ordinary polarization and perpendicular injection (N // =0). In these experiments the suprathermal electron population was pre-energized using P LHCD =1.2 MW with launched spectrum peaked at LH N // =1.8 before the injection of the EC power.
The measured overall CD efficiency is well above to the ones expected from the simple addition of the currents driven by EC and LH, indicating the existence of a synergy between the two waves. The suprathermal ECCD exhibits then an efficiency similar to LHCD [20] , above 0. The downshift interaction has been applied in FTU driving to the ITB formation at high magnetic field (B T =7.2T) both during the current flat top and at high density (n e0 =0.9 x 10 20 m -3 ) during the plasma current ramp-up [21] . In the upshift interaction scheme more transient results have been obtained probably due to a e LHCD n P rate not high enough to provide large electron tail. In figure 11 relevant time traces for the shot 27105 (30° co-ECCD, 4.7 T) are shown, and still a rise of the FEB counting rate is evident after the EC switching-on and before the plasma density increase due to the strong additional power. However, the experimental situation is not that clear in such case, due to the shorter suprathermal interaction length. Only 5-7 cm walk across the LHCD driven electron tail are allowed before the EC wave is damped by the cold resonance close to the plasma centre. This is reflected in the radial Hard X emission profile in figure 12 where the presence of the double peaking reveals a more complex situation with respect to the downshift case. 
Conclusions
The experiments above reported underline the potential of the combined use of EC and LH waves in order to access/control the advanced tokamak scenarios. In combined LHCD+ECCD injection with EC resonant absorption, the localization of the EC driven current appears to be effective in triggering the ITB formation through "surgical" modification of the local magnetic shear. Cnt-ECCD experiment in ITB shows that 4-5% of the full current driven in the right radial position plays a relevant role, provided that the "general" shape is built with LHCD, or other possible alternative ways. The synergy interaction scheme presents a surprising enhancing of the EC current drive efficiency, raised to typical pure-LHCD values. This scenario could be used to generate significant amount of non-inductive current for sustaining plasma in future devices. Beyond these demonstration experiments, these scenarios require further development in present devices in order to explore higher performance regimes and gain the necessary reliability. One of the key aspects in this development is the generation and control of the suprathermal electron population. With the ECH system for ITER (170 GHz) at present foreseen, the upshift scheme is potentially exploitable, provided that fast electron tails are sustained in some way.
